Abstract. The basic principles of laser induced fluorescence are described with progressive presentation of simple and multi-level interaction schemas providing the relationship between the fluorescence signal and the local concentration of the investigated species in the laser field. Essential differences between laser induced fluorescence and flame chemiluminescence emissions are given. Techniques for imaging in the planar LIF configuration and procedures for calibration of the fluorescence intensity in absolute concentration values are described. Then, examples of imaging applications are given for instantaneous mapping of OH, CH, O 2 and temperature fields in turbulent reacting flows. In spite of uncertainties mainly due to collisional quenching effects, these imaging experiments are useful to interpret the interaction processes involved in turbulent combustion especially when several quantities can be simultaneously or conditionally registered.
Introduction
Laser induced fluorescence (LIF) is the spontaneous isotropic emission of light by which the molecules of a given species that have been selectively driven onto an excited electronic state by tuned laser excitation (optical pumping) relax to their ground state. The fluorescence power is then directly proportional to the excited state population through the Einstein probability coefficient A for spontaneous emission. In hot reacting media collisions and chemical reactions can also populate excited states, but the excited populations and the subsequent emissions induced by these processes are much lower than those induced by pulsed optical pumping.
Absorption of the laser photons by molecules is directly responsible for the population of the excited state in the laser field which is a thin sheet of light in the planar laser induced fluorescence (PLIF) technique. Besides relaxation by spontaneous emission of fluorescence at rate A, other de-excitation processes such as stimulated emission, collisional quenching, energy transfers or predissociations (at global rate Q in a simplified two-level schema) are competitively involved in the interaction. The dynamics of the population transfer must be carefully examined to obtain the concentration of the investigated species in the § Corresponding author.
excited state as a function of its global concentration. Then it is made possible to derive that global concentration from the measured intensity of the laser induced fluorescence emission.
Emphasis will be put on the simple regimes for which the fluorescence emission is locally proportional to the laser irradiance and to the molecular population in its lower state. Different calibration procedures may be used to determine the proportionality coefficient in order to derive absolute concentration data from measured fluorescence intensity. In many cases a simple reference sample of the investigated molecular species is not currently available (radical species. . .) and the calibration must be performed in a particular zone of a reacting flow where the absolute concentration of the molecule has been calculated or can be measured by another technique such as absorption spectroscopy.
Complementary to fluorescence emission, absorption of the laser excitation light is involved in the interaction process. From an energy balance, the fluorescence emitted over a spatial domain D of the laser field can be considered as a partial recovery of the small laser energy that is absorbed by the molecules over that domain D and over the spectral width of the absorption line. This energy recovery is partial with the Stern-Volmer factor, A/(A + Q), that accounts for the part A which is radiatively relaxed, relative to the total de-excitation rate A + Q. Thus in situ calibration of the global efficiency of a fluorescence system (operating in the linear regime) can be made with the line of sight absorption method by measuring the attenuation of the same laser over the absorption linewidth and over an enlarged optical path where the investigated concentration is homogeneous or has a known relative profile. This complementary point of view shows up that the laser irradiance may suffer significant attenuation when progressing in the absorbing medium which in turn would make the local level of fluorescence emission be lower than expected. Great care must be taken to minimize such a bias with a proper pumping configuration. The same kind of bias may occur if the emitted fluorescence light is significantly trapped by self-absorption before being detected; as well as for laser attenuation, we will describe configurations that can minimize fluorescence trapping.
When the three main problems (i.e. attenuation of the laser irradiance, determination of the local fluorescence efficiency, trapping of the emitted fluorescence) are more or less solved, one must examine how the specific population probed by the laser in a particular energy level of the ground state can be related to the global population of the investigated molecule. In the ground state, the populations are distibuted over the rotational sublevels according to Boltzmann statistics-which is not true in the upper state where the distribution over the sublevels is strongly perturbed by the laser pumping. Accordingly, rotational temperature can be derived from successive (with short delay) fluorescence measurements at different laser wavelengths probing the same molecule on different rotational sublevels of its ground state. The sensitivity of this two-line thermometry is better when the probed sublevels are set wider apart on each side of the maximum of the Boltzmann distribution. On the other hand, when performing a simple concentration measurement that should be independent of temperature it is recommended to probe the population of a sublevel close to the maximum of the distribution.
This article will present examples of imaging applications in turbulent non-premixed reacting flows by planar laser induced fluorescence of OH, CH, toluene and O 2 . In many cases, maps of a single or simple scalar are not sufficient to provide a relevant interpretation of an experiment. Therefore the described applications are often performed with simultaneous imaging of two quantities, OH and CH, OH and velocity, fuel/air ratio, which is fruitful to investigate the interacting processes involved in turbulent combustion.
Principles of LIF interaction
This section presents the bases of laser induced fluorescence [1] in order to put in evidence its potential and its limitations as a diagnostic method. The medium is schematically described by energy levels over which the population of the investigated species is distributed, and the action of the tuned laser pulse is described as a perturbation of the distribution using detailed balance for the population transfers.
Two-level model
In this very simple model the medium is described by two electronic energy levels E 1 and E 2 over which the molecular concentration N is distributed with concentrations N 1 and N 2 respectively (N 1 + N 2 = N ) as shown in figure 1 . The laser radiation tuned on the transition frequency ν = (E 2 − E 1 )/ h is characterized by its spectral energy density U ν which quantifies the number density of photons with the suitable frequency. U ν = I/cδν where I is the local irradiance of the laser in W cm −2 , and δν is the spectral width of the laser radiation as long as it is larger than that of the covered absorption line.
Several elementary processes can induce transitions between the energy levels: collisions at rate N 1 Q 12 populate the upper level which is competitively depopulated by collisional relaxation, called quenching, at rate N 2 Q 21 , and by spontaneous emission of isotropic light with frequency ν at rate N 2 A. A is a spectroscopic constant of the investigated molecule whereas Q terms due to collisions with other molecular species are given by Q = i σ i V i N i . σ i is the specific cross section of collision partner i, V i is the relative velocity that scales as √ T and N i is the concentration of partner i. Therefore Q terms are linearly increasing with pressure, and at atmospheric pressure Q 21 is much higher than A.
Absorption at rate N 1 B 12 U ν populates the upper level which is simultaneously depopulated by stimulated emission of coherent light in the laser direction at rate N 2 B 21 U ν . In a simple model with two single states B 12 = B 21 = B.
At the initial condition where U ν = 0, the steady state balance equation is
which yields
The corresponding Boltzmann equilibrium statistics gives
For a typical electronic transition in the UV around 300 nm, and at a typical flame temperature around 1700 K, one obtains Q 12 /Q 21 ≈ 10 −3 , and N 2 is negligible. Thus for the initial condition one can set N 2 = 0, and
When the medium is submitted to tuned laser irradiance, the detailed balance equation is
As BU ν Q 12 , and Q 21 A, the excited concentration increases according to
where Q is a shortcut expression for Q 21 . The first factor gives the excited concentration at steady state which is reached after a short delay called the pumping time, τ = 1/(2BU ν +Q). At atmospheric and higher pressure τ is much shorter than the duration of the laser pulse ( t 10 ns), and N 2 (t) follows a quasi-steady state evolution as a function of U ν (t) during the laser excitation. At any instant the rate of spontaneous emission of fluorescence photons per unit volume is given by dn/dt = N 2 A, such that the power of the quasi-steady state fluorescence emission is
where V is the interaction volume, and is the solid angle in which the fluorescence is emitted. Thus the fluorescence emission is proportional to the number of molecule NV in the probed volume V which is determinated by the imaged section of the laser field, but it may still depend on the concentration of other species involved in the collisional quenching Q. To overcome this quenching dependence it has been proposed [2] to saturate the transition with a very strong laser pulse (BU ν Q) such that the strong fluorescence power would become P = NAV hν /8π independent of quenching and laser power. Unfortunately this ideal full saturated regime is not actually achievable [3] (especially over a laser sheet as in planar LIF), and partial saturation (i.e. non-linearity with respect to U ν ) has more drawbacks than advantages.
In the regime of linear laser excitation where Q 12 BU ν Q, the power of the fluorescence emission reduces to
where L is the length of the section of the laser field from which the fluorescence is emitted, and P 0 (t) is the power of the laser over that section. The linearity with the laser power is an essential and useful feature of this regime [4] because the fluorescence emission is then independent of the focusing degree of the laser (the transverse thickness of the laser is difficult to measure and to keep constant). It allows for simple calibration and referencing procedures as will be described in the next section. However one must insure that the local laser power P 0 has not been significantly attenuated by absorption during its propagation up to the probed zone. In low pressure flames where the pumping time can be longer than the duration of the laser pulse (1/Q > t), the excited concentration increases linearly with time during the laser excitation up to a peak level which is independent of collisional quenching, N 2 ( t) = NBU ν t. This peak is followed by an exponential decay of N 2 (t), and of the subsequent fluorescence, at rate Q [5] . This particular time resolved regime of LIF has been useful to obtain quenching data and to perform parametric studies of its global behaviour in low pressure premixed flames as a function of air/fuel ratio and reaction progress [6] .
Multi-level models
Actually each electronic state is composed of several vibrational levels which are themselves composed of rotational sublevels.
These sublevels are coupled by collisional energy transfer processes, and the gound state population is distributed over the sublevels according to the equilibrium Boltzmann statistics. A hundred collisions are required to reach equilibrium over the vibrational structure while few collisions insure equilibrium among the rotational sublevels. In a flame, around 1700 K, Boltzmann statistics indicates that the equilibrium population of the lower vibrational level v = 0 is about 95% of the total. Thus, in a first step, we will only consider the fundamental vibrational states as illustrated in figure 2 .
The laser is tuned on a particular line which couples a rotational level J of the ground state with a rotational level J of the excited electronic state. Within the ground state the relative population of the J absorbing level is still determined by the Boltzmann equilibrium distribution during the optical pumping in linear regime as insured by the strong collisional coupling (rotational energy transfer) between the rotational sublevels. Within the exited state the excess population brought by the laser onto the particular sublevel J is progressively redistributed by rotational energy transfer over the neighbour sublevels, but competitively all the upper population is quenched toward the ground state. Therefore the relative population among the upper sublevels cannot reach equilibrium Boltzmann distribution during the laser excitation since the rate of rotational energy transfer is only a few times higher than the rate of electronic quenching (and both are linearly increasing with pressure in the same way).
In the regime of linear laser excitation where BU ν Q, the evolution of the global excited concentration follows As long as the relaxation rates A J and Q J are not too dependent on J over the range covered by rotational energy transfer, one can define and use mean relaxation rates A and Q over this range. Then, provided that the fluorescence is spectrally collected over a large band issuing from all the excited sublevels [7] , the global fluorescence intensity is the same as for a two-level model except that it is now proportional to the concentration N J on the particular ground state sublevel probed by the laser. The relative population of that particular sublevel is given by the Boltzmann equilibrium distribution that prevails on the ground state
To have a fluorescence intensity proportional to the total concentration and independent of temperature it is then necessary to pump a J level for which the relative population is nearly constant over the expected temperature range. This is obtained when E J ≈ kT . For example when measuring OH with a laser tuned on the Q 1 8 line, the ratio N 8 /N varies by less than 5% over the temperature range 1300-2000 K [8] .
On the other hand the relative population of that rotational level J = 8, is close to the maximum of the distribution and one must take care that absorption does not significantly attenuate the laser power.
In an opposite strategy, the Boltzmann distibution over the ground state can be used to determine the local temperature of the medium. LIF of a given species is then performed at different wavelengths to probe its relative population on different rotational sublevels of the ground state. An example of this local thermometric technique with two lines of OH will be given in the next.
Chemiluminescence
In non-sooting flame natural UV-visible emission, called chemiluminescence, is the spontaneous emission from radical species (OH, CH, C 2 , . . .) which have been partially created by chemical reaction in an excited electronic state (in weak proportions and for complex reasons). If we consider such an elementary reaction (beyond many others), as A + B → C, there is a generally low probability γ to have A + B → C * . C * is created on a particular sublevel of its excited state and, as previously explained, has no time to be equitably redistributed over the neighbour sublevels because of the fast electronic quenching toward the ground state. A balance shows (as was previously made with optical pumping instead of chemical reaction) that the steady state value of the chemiluminescence intensity scales as C * = γ AB/Q. This intensity is then a qualitative measure of the conjunction of the parent species A and B, rather than an estimate of concentration C. When radical species C is chemically created it can diffuse or be convected downstream before recombining, whereas its excited fraction C * is quenched to the ground state before it can be significantly transported. Therefore the chemiluminescence is constricted at the birth place of C-the reaction zone. Instead LIF can probe transported C at any location in the laser field. This essential difference between the two processes is illustrated in figure 3.
Measurement techniques by planar LIF

Examples of suitable interaction schemas
Here we present spectral arrangements for laser excitation and subsequent fluorescence detection that have proven to be efficient to minimize some of the difficulties met in the laser induced fluorescence method. The OH radical will be taken as typical example of a molecular species to be probed and imaged by PLIF in turbulent reacting flow.
A first technique, schematized in figure 4 , is to excite OH through the weak v = 0, v = 1 band (λ = 285 nm). The laser attenuation is then negligible while the probed population of the v = 0 level is still a very high and significant fraction of the total population. The fluorescence is then detected around 313 nm through the strong v = 1, v = 1 band of emission whose trapping is weak as the absorbing population on v = 1 is very low [9] [10] [11] . This spectral configuration is useful and very efficient for mapping experiments because elastic scattering noise at the laser wavelength can be easily rejected by placing a proper bandwidth or high pass filter before the camera. However some fluorescence emitted through the P branch of the (0,0) band via vibrational energy transfer may be detected within the bandwidth of the filter [12] .
Another technique schematized in figure 5 is to pump OH through the weak v = 0, v = 3 band (λ ≈ 248 nm) into the v = 3 predissociative level of the excited electronic state whose life time is ten times shorter than the collisional quenching time at atmospheric pressure. The collision free fluorescence emitted through the (3,2) band is detected around 297 nm. This configuration has many advantages: the fluorescence is linear and basically insensitive to collisions since the collisional quenching rate Q is dominated by the constant rate of predissociation P which is ten times higher; on the other hand the fluorescence efficiency is then ten times lower, and this must be compensated by using a strong laser irradiance [13] . As in the previous (0,1)-(1,1) schema, laser attenuation by absorption and fluorescence trapping are negligible for the same reasons. However the required strong UV laser induces significant oxygen fluorescence in the lean high temperature zones of the reacting flow [14] . The resulting interferences around 297 nm must be subtracted by monitoring the O 2 fluorescence at another wavelength (337 nm). As will be seen later, this predissociative fluorescence schema applies also for oxygen when excited in the UV around 193 nm.
The same kind of strong non-collisional transfer in the excited state also occurrs for acetone. It can be used with similar benefit to excite the blue fluorescence of gaseous acetone (as a tracer) with a UV laser around 275 nm [15] .
Planar imaging systems
Pulsed laser sources are directly available with excimer lasers that provide suitable pulsed UV radiations ( t ≈ 25 ns) for excitation of predissociated OH with KrF, or predissociated O 2 with ArF. The second harmonic of a pulsed YAG laser at 532 nm is used to excite a tunable dye laser in the visible. This dye laser beam is then frequency doubled to generate the tunable pulsed radiation ( t ≈ 8 ns) for UV laser excitation of OH fluorescence. To excite the fluorescence of CH which has very low absorption in the blue around 430 nm, a tunable laser with high pulsed energy is required. In order to avoid optical breakdown induced by too high irradiance, use is made of a long duration ( t ≈ 1.5 µs) flash-lamp-pumped dye laser (Diana system of the Sandia Laboratory). In any case the spectral width of the tunable laser is made significantly larger than that of the absorption line to minimize effects of spectral drift of the dye laser from shot to shot.
A typical arrangement for planar LIF is schematized in figure 6 : a system of cylindrical and spherical lenses is used to focus the laser beam onto a sheet of light that is typically 0.3 mm thick by 4 cm high. The fluorescence emission is collected at 90
• of the laser sheet, and imaged on a gated intensified ccd camera with typically a 100 mmf/4 objective lens. A spectral pass-band filter is interposed in front of the camera to reject elastic scattering at the laser wavelength and to select the suitable fluorescence. In the UV, butylacetate liquid filter may be used as a high pass to reject the laser radiation with very high efficiency [13] . A typical camera format is a 500 × 500 array, 25 µ × 25 µ pixels.
A diode array may be used to measure the distribution of laser irradiance over the height of the light sheet in order to correct for non-uniform laser excitation (flat fielding procedure) as well as to account for drift and fluctuation of the laser power. A trigger system is required to drive the pulsed laser and the synchronous amplification of the ccd over a suitable gate duration. This temporal discrimination improves the rejection of flame luminosity that was partly made by spectral filtering. 
Calibrations
In the regime of linear laser excitation, the quasi-steady state fluorescence signal is proportional to the laser power and to the local population of the investigated molecule in the laser sheet. But it is also inversely proportional to the local rate of electronic quenching which has to be known as a function of the different collision partners. Thus calibrations are required to investigate the local influence of this quenching on the concentration measurement.
The quenching rate can be calculated in various flames using available data for the specific quenching cross sections and weighting by the local mole fractions of these different collision partners [16, 17] . Another approach is to perform direct determination of the local effective quenching rate in low pressure premixed flames by measuring the decay rate of the time resolved fluorescence signals. Both experiments and calculations in laminar premixed flames show that the effective quenching rate of OH and CH is nearly constant over the flames [6, 18] , which indicates that quenching is practically insensitive to the degree of reaction progress for a given mixture. In addition equilibrium calculations of OH and CH quenching in non-premixed flame show low variations over the range of mixture fraction where a significant concentration of OH or CH is predicted [19, 20] . However OH is often found in superequilibrium concentration and over a broader range of mixture fraction (especially on the fuel rich side) than calculated with the equilibrium assumption.
In any case a global calibration of the imaging system (including laser spectral energy, effective probed volume, solid angle of fluorescence detection, sensitivity of the detection system,. . .) must be achieved to derive absolute concentration data from the local level of fluorescence signal. This is usually performed with the same imaging system in a particular zone of a simple reacting flow (often in the burnt gases of a premixed flame) where the absolute concentration of the investigated molecule can be calculated [20] or can be measured by another technique such as line of sight absorption spectroscopy [21] .
Calibration by absorption spectroscopy can be performed in situ with the LIF imaging system by using laser induced fluorescence as a local non-intrusive spectrometer which probes the laser irradiance over the absorption line provided that the absorbing concentration is constant. Such a technique has been used in a laminar diffusion flame where the radial profiles of imaged OH fluorescence show two peaks corresponding to the two intersections of the conical flame by the laser. As shown in figure 7 the first peak (on the laser side) was always slighly higher than the second one. The relative difference between the two peak areas is then a direct measure of the optical depth due to OH absorption over the thickness of the first flame front. This technique provides the absolute OH concentration integrated over a peak, which can be used to calibrate the radial profiles of fluorescence signal in profiles of absolute OH concentration.
Examples of applications
OH and CH maps in jet flame
Simultaneous mapping of OH and CH fluorescence in turbulent jet flames of methane has been performed at Sandia Laboratories by Schefer et al [11, 22] . Two pulsed laser beams (λ 1 = 431.5 nm, t 1 = 1.8 µs; λ 2 = 285.4 nm, t 2 = 8 ns) were combined into a common optical axis by a dichroic mirror and formed into an overlapping sheet (0. • to the laser sheet via the (v = 0, v = 1) transition is selected by a 10 nm bandwidth filter centred at 489 nm and focused onto a gated intensified ccd camera. The CH 4 Raman scattering that is simultaneously induced near 489 nm by excitation at λ 1 is also detected by this camera. This Raman signal could be rejected using a polarizer but, as its contribution to the total signal is less than 10% in the reacting zone, it can be simultaneously used without ambiguity to quantify the concentration of CH 4 in the fuel-rich region.
The laser sheet at λ 2 excites the Q 1 8 line of the (v = 0, v = 1) band of the A 2 , X 2 system of OH. The (1,1) band fluorescence emitted at 90
• to the laser sheet in the opposite direction is selected by a 10 nm bandwidth filter centred at 312 nm and focused onto a second camera.
This arrangement provided a spatial resolution of 0.4 mm × 0.4 mm over a field of 47 mm long × 15 mm high. The two opposite imaging systems were aligned using an object frame in the test section. Both laser attenuation and fluorescence trapping were less than 5%. The CH 4 Raman data were normalized by the number density of pure methane at room temperature. In this study the CH-CH 4 system was sometimes operated without a filter to observe the strong CH resonance fluorescence signal along with the Rayleigh scattering signal. This last strategy provided qualitative information on density variation in the flame. The OH fluorescence system was calibrated using a flat flame burner, but no attempt was made to derive absolute CH concentrations. The simultaneous images as illustrated in figure 8 show that, while the fuel consumption zone marked by CH is thin in all the flames investigated, the zones of high OH concentration that mark the region where H 2 and CO burnout occurs with radical recombination, is often broad enough to have internal turbulence structure, which cannot be accounted for by the strained laminar flamelet approach.
OH and velocity maps in lifted flame
Simultaneous mapping of OH fluorescence and velocity field has been performed in the stabilization region of a turbulent lifted jet flame by Cessou et al [23] . The objective of the experiment was to investigate the flow dynamics where the reaction takes place, and to determine the particular location where the instantaneous velocity must be measured for relevant comparison with the different models proposed to explain the stabilization process of the lifted jet flame [24] [25] [26] .
Planar LIF of OH was excited over the light sheet (120 mm high × 0.4 mm thick) of a pulsed dye laser ( t = 10 ns, F = 10 Hz, E = 20 mJ/pulse) tuned on the Q 1 6 line of the (0,1) vibrational band of the (X 2 -A 2 ) system at 283.9 nm. The fluorescence was imaged onto a gated intensified ccd camera (576 × 384 × 14 bit, 50 ns gate) with a 105 mm, f/4.5 objective lens preceded by a pass-band filter selecting the fluorescence from the (1,1) band around 315 nm.
The jet fluid and a slow air coflow were seeded with 1 µ ZrO 2 particles that are expected to mark the flow velocity. Particle image velocity (PIV) was performed by cross correlation of two successive pictures obtained by imaging elastic (Mie) scattering of a double-pulse laser sheet (3 cm high × 0.3 mm thick, λ = 532 nm, 10 µs delay). The scattered light was collected at 90
• to the sheet in the opposite direction to the fluorescence detector, and focused on a ccd array (736 × 576 pixels) through an interferencial filter. The two successive images were respectively stored on the odd and even frames of the ccd. Each instantaneous velocity vector represents the ensemble average over a 2 mm×2 mm× 0.3 mm cell. The UV laser sheet and the green laser sheets were superposed on the same plane, and a timing monitor trigged the UV laser pulse between the green pulses. Figure 9 shows the superposition of an instantaneous velocity field and the simultaneous OH fluorescence image. In the stabilization region the structure of the OH field is quite complex with a very sharp edge in the inner part of its base. Experimental results of Schefer et al [27] show that a lifted flame can return to upstream location when it has been carried downstream by vortical structure; thus a premixed reaction structure able to propagate must exist (as responsible for the flame stabilization) in the lower part of the reactive zone. In addition, the flame stabilized in a layer where the mixture is stoichiometric [28] ; therefore one must identify the location of a stoichiometric premixed combustion structure on the OH fluorescence image to investigate the flow dynamics where the flame stabilizes.
In a premixed propagating flame the OH profile is characterized by a sharp increase on the fresh gas side followed by a long trail in the burnt gas side due to slow three-body recombination. In a diffusion flame the OH profile is smoother and much more symmetric. Therefore on the instantaneous pictures of OH the precise location G of flame stabilization has been determined where the gradient of OH is a maximum whereas in previous studies [29, 30] it was merely determined at the bottom M of the flame contour (which contour was approximated by the limit of the Mie scattering field). Accordingly the relevant flow velocity is taken as the projection of the velocity vector at G normal to the envelope, whereas in previous studies it was merely taken as the axial velocity at the bottom M.
With this refined conditional measurement at G the statistical distribution of velocity spreads quite symmetrically, with a most probable value close to the laminar deflagration velocity (S L = 0.43 m s −1 ) of a premixed stoichiometric methane-air flame, which corresponds to a sustained flame. The occurrences of negative velocities corresponds to events for which the combustible mixture is locally entrained into the jet by a vortical structure.
With simple measurement of the axial velocity component at the bottom of the OH contour, the velocity distribution is asymmetric with a most probable value higher than S L , and no occurrence of a negative value.
This example of PLIF application illustrates the great benefit that can be obtained by performing simultaneous planar measurement of two quantities, allowing for investigation of conditional data, together with instantaneous gradients.
PLIF of fuel/air ratio in engine
In some particular cases the local composition dependence of collisional quenching involved in LIF can be a useful feature to map the relative composition field of several species in a turbulent mixing flow. LIF of toluene is an example of such a capability. Toluene presents a large and homogeneous absorption band in the UV which can be excited in linear mode by a broad-band pulsed KrF excimer laser (λ ≈ 248 nm). Fluorescence is then induced over a red-shifted emission band (265-340 nm). The intensity of the steady state fluorescence emission is basically proportional to the concentration of probed toluene fuel [F] , to the spectral laser irradiance I ν , and to the Stern-Volmer efficiency factor A/(A + Q), where A is a spectroscopic constant including all the rates of intrinsic relaxation of the excited fluorescent state, while Q is the rate of collisional quenching. Experiments performed in a cell [31] filled with various collisions partners (O 2 , H 2 O, CO 2 , N 2 , . . .) at different partial pressures show that oxygen is by far the most efficient quencher of laser excited toluene.
The intensity of the fluorescence emission can be expressed as
Under high pressure conditions where A Q, as reached in the engine above 3 bar, the fluorescence signal is then basically a linear function of the local fuel/air ratio.
However this relationship is slightly affected by temperature variation since oxygen quenching efficiency α and toluene absorption are functions of the local temperature. Tests performed in the compression stroke of an engine between 300
• crank angle (CA) and 350
• CA showed that the relative effects of mean temperature increase with crank angle on the mean fluorescence intensity resulted in a linear decay of about 1% per degree CA, allowing for mean correction of this temperature bias. Figure 10 shows examples of maps of fuel/air ratios conditioned on crank angle in the combustion chamber of a spark-ignition engine during the compression stroke [32] . The fuel was natural gas doped with toluene vapour. In addition the mean velocity field obtained by PIV conditioned on the same crank angles has been superimposed on each image.
Such conditional diagnostics may be helpful to investigate the effects of inhomogeneities of fuel/air ratio near the spark plug on the cycle-to-cycle fuctuation of the combustion especially when operating under a fuel-lean regime as required for low pollution.
Two-line OH temperature field
The fluorescence of a given species can be successively excited by two laser pulses (with a short delay over which the medium stays frozen) of irradiances I 1 and I 2 tuned on two rotational lines of a given absorption band. The intensity ratio of the fluorescence signals is then related to the rotational temperature T according to the Boltzmann distribution that prevails over the ground state:
Here, J 1 and J 2 are the rotational quantum numbers of sublevels 1 and 2 with energies E 1 and E 2 in the ground state. B 1i and B 2j are the Einstein absorption coefficients for (1 → i) and (2 → j ) electronic transitions, g 1 and g 2 are the spectral overlap integrals between absorption and laser profiles, respectively. This expression implies several assumptions: the transmission characteristics of the two detection systems have to be identical, the laser excitations are not saturated and the fluorescence quantum yields (in other words, the collisional rates for electronic quenching) are identical for both excited states.
The expression above holds as well in a reference medium with known temperature T R . The temperature can therefore be obtained from a pair of two-line fluorescence measurements of the same species in the investigated medium and in a reference flame with known temperature T R :
Here, S F 1 , S F 2 , S R1 , S R2 are the intensities of the normalized fluorescence signals induced by lasers 1, and 2 in the investigated medium (subscript F) and reference flame (subscript R), respectively. Normalization is performed with respect to laser intensity in each measurement. The use of a reference flame reduces the systematic error that results if the fluorescence quantum yields for the two excitation lines are not identical as assumed in equation (12) . The use of OH radical as the probed species for planar two-line LIF imaging of rotational temperature in engine has been performed by Meier [33, 34] . OH presents one drawback but has important advantages for LIF thermometry in high pressure reacting flows: temperature is accessible only above approximately 1500 K at high pressure in the flame front and post-flame where significant levels of OH fluorescence are detected. This lower limit results from the rapid decrease of OH concentration with temperature. The corresponding large variations of OH LIF signal with temperature are higher than current detector technology can handle. Preliminary experiments in iso-octane flames showed that when exciting OH fluorescence by different rotational lines of the (0 → 1) absorption band around 283 nm, the signal to noise ratio (estimated by laser detuning) was excellent showing no interference signal from other species. Tests performed in a high pressure burner up to 60 bar showed that the excitation spectra are still able to resolve the rotational structure of OH. This advantage is due to the large line spacing of the lines and to their low pressure broadening coefficient of around 0.08 cm −1 bar −1 , depending on temperature and gas composition. Additional tests performed in engine operating conditions showed that attenuation of the laser irradiance due to OH absorption was about 6% when tuned on the Q 1 8 line of the (0 → 1) band which has a higher absorption coefficient than those of the lines used for thermometry.
To perform two-line PLIF in the engine fuelled with isooctane, superposition of two laser beams with wavelengths close together onto a common axis was achieved by a polarizing beam splitter. The combined beam was formed into a sheet of about 0.3 mm thickness which traversed the cylinder in a plane parallel to the piston surface 5 mm below the pentroof of the combustion chamber (see figure 11) . On the detection side, the fluorescence was collected through a quartz window in the piston, passed over an inclined (45
• ) mirror, colimated by a lens and then separated by a 50% beam splitter. Each of the split beams was then focused on a ccd camera with an achromatic UV lens (105 mm, f/2). Interference filters centred at 312 nm were used to reject scattered laser light and flame luminosity. The cameras were aligned carefully for identical field of view. Any residual mismatch due to misalignment or camera optics imperfection was removed by software superposition of the two images. The laser pulses were temporally separated by 500 ns, which is much shorter than the time scale for the fastest transport processes in the flame and insures adequate time resolution of the two fluorescence signals. The temporal gates of the intensifiers of the two cameras were adjusted such that each camera recorded only the fluorescence induced by one of the two pulsed lasers, respectively. Figure 12 shows a schematic overview of the experimental arrangement.
Since models predicted peak temperatures above 2500 K in the engine, a pair of lines with large energy spacing in the ground state had to be selected. The pair P 1 1/R 1 14 of the (0 → 1) band of the A-X system of OH with E = 3800 cm −1 has been chosen. Both lines are spectrally isolated even at pressure well above the engine peak pressure, which is an essential advantage.
Non-uniformity of laser irradiance over the light sheet was measured and then corrected for on average basis: an average irradiance distribution was recorded for each laser sheet before and after a set of experiments by filling the cylinder homogeneously with acetone vapour, and recording the pictures of acetone fluorescence (above 400 nm) induced by the same laser sheets as used for OH excitations. The temperature was determined from the intensity ratio of the fluorescences induced by the two lasers relative to the value of this ratio in a reference flame. A premixed methane/air flame burning on a simple stainless steel tube (4 mm diameter) was placed inside the cylinder of the engine to keep all experimental parameters constant. The temperature of this reference flame was independently measured by CARS spectroscopy to be 2130 ± 50 K.
A series of 40 pairs of fluorescence images were recorded in the engine for various operating conditions. Figure 13 shows typical instantaneous images of temperature field for different crank angles. The engine speed was 1200 rpm with ignition at 300
• CA. Later than 370
• CA the snr became too poor for reliable temperature measurement due to strong quenching with rising pressure. On the other hand, unburnt gas regions where no OH is detected appear black on these images. It can be seen how the flame propagates from a region near the spark plug through the chamber with increasing crank angle. For each image, a space average temperature was calculated over a region behind each flame front where the temperature is relatively homogeneous. The ensemble average of this temperaure increases significantly with crank angle from 2330 K at 342
• CA to 3015 K at 366
• CA, with cycle-to-cycle rms fluctuation about 200 K. However the accuracy for the absolute temperature measurement is about 130 K at 2200 K, and about 215 K at 2800 K. Such data are useful in as much as the average flame speed can be simultaneously obtained as a function of the crank angle to investigate correlations between temperature, deflagration velocity and pressure in the engine.
PLIF of oxygen in turbulent O 2 /H 2 jet flame
Planar LIF of oxygen has been performed by Stepowski et al in a turbulent non-premixed O 2 /H 2 flame using a broadband ArF excimer laser [35] . For a given oxygen concentration laser absorption and subsequent fluorescence emission are strongly increasing with the temperature. The reverse configuration of the investigated flame with axial injection of oxygen in a fast coflow of hydrogen is particularly well suited to investigation by O 2 LIF: the laser irradiance has not been attenuated by cumulative absorption when it reaches the reaction zone where the hot and weak amounts of O 2 are detected with a maximum sensitivity. Assuming a fast H 2 -O 2 reaction, the conditional rate of scalar dissipation (then, the rate of oxygen consumption) can be derived from measurement of the fluorescence gradient at the stoichiometric surface.
The rates of reaction in turbulent non-premixed flames are strongly dependent on the mixing dynamics so long as the chemical kinetics are fast relative to the mixing. When the mixing is dominated by turbulence all species and enthalpy are transported at the same rate, and all of the concentrations and temperature can be related to a single conserved scalar, called the mixture fraction Z, wich is the local mass fraction of fluid originated in the fuel feed. This can be introduced [36] in the species conservation equations to express the reaction rate in a simple form
where ρ is the density, Y i is the mass fraction of species i and D is the molecular diffusivity. This simple form of ω i shows a mixing contribution through the scalar dissipation χ = 2D|∇Z| 2 , and a chemical contribution as ∂ 2 Y i /∂Z 2 . If the chemistry can be represented by a fast single reaction the reactants cannot coexist and ∂ 2 Y i /∂Z 2 is constricted in an infinitely thin reaction sheet, the stoichiometric surface Z = Z S . The average consumption rate of oxygen is then given by
Thus even with a simplified schema of turbulent combustion knowledge of mean and fluctuation fields is not sufficient as the average rate of reaction depends on the conditioned (by Z = Z S ) average dissipation noted in short cut χ S . Use of coupling functions between species mass fractions, temperature and mixture fraction in the flame with assumptions of high Damkohler number and unit Lewis number for a fast H 2 -O 2 reaction constricted at Z = Z S = 1/9 provides the relation between ∇Z and ∇|O 2 | about stoichiometric. Then measurement of the gradient of the fluorescence signal S I N at its inflection in the instantaneous thin reaction zone provides the conditioned dissipation rate
where β is the global coefficient relating the fluorescence signal to the local mole fraction of oxygen. β depends on experimental parameters (laser irradiance, detection efficiency,. . .) and on the cross section σ (T ) for the O 2 -laser interaction. β S is the value of β at the stoichiometric temperature (T S ≈ 2900 K) where the conditional measurement of χ S is made on each fluorescence picture. The next paragraph is devoted to the study of σ (T ) when oxygen fluorescence is excited by a broad-band ArF laser [37] . As schematized in figure 14, many lines with absorption coefficients α ij are reached by a broad-band ArF laser states and to the Franck-Condon principle for transition probability, the absorption coefficients α ij are strongly increasing with vibrational number i. As the relative populations n i of the sublevels with high i are also increasing with temperature according to the Boltzmann distribution law, the global absorption over all the lines in the laser profile (as well of the subsequent fluorescence intensity) is an increasing function of the temperature. Figure 15 shows the calculated evolution of the effective absorption cross section σ (T ) for a broad-band ArF laser as a function of the oxygen temperature.
The spectrum of the emitted fluorescence contains a number of lines (over a 80 nm range on the red side of the laser wavelength) increasing with the temperature. But as the temperature increases the red spectral shift of the fluorescence decreases and the fluorescence spectrum happens to overlap the laser frequency.
The global transmission of the fluorescence, as it is selected by the highpass filter rejecting the laser radiation, must be calculated as a function of the temperature, using a library of fluorescence spectra, to be finally accounted in the global sensitivity β(T ) of the LIF system.
The experiment has been performed at ONERA on the MASCOTTE test bench [38] .
The coaxial injector consisted of a central tube of 5 mm fed with The pulsed radiation (λ = 193 nm, λ = 0.8 nm, W = 170 mJ, t = 15 ns, f = 10 Hz) of an ArF laser (Lambda Physik LPX100) was focused into a vertical light sheet (100 mm high × 800 mm thick) passing through the jet axis. The focalization mounting was placed in a tube fed with nitrogen to avoid laser absorption. The fluorescence was imaged at 90
• to the laser sheet onto a gated intensified ccd camera ( t gate = 50 ns) with a 105 mm f/4.5 objective lens. A high-pass filter with a blocking ratio of 10 8 for 220 nm/193 nm transmission was interposed in front of the camera to reject elastic scattering or parasitic reflections of the laser. Before each run, Rayleigh scattering picures were registered (without high-pass filter) to obtain the mean irradiance field over the laser sheet, then O 2 fluorescence images from a side jet of heated oxygen were registered to calibrate the global sensitivity β(T R ) of the imaging system at the reference temperature T R = 800 K. Figure 16 shows an example of a single shot image of oxygen fluorescence in the reacting flow. As expected no fluorescence is detected from the liquid dart of injected oxygen which vaporizes quickly. Owing to the high efficiency of O 2 LIF in the hot reactive zone (without prior cumulated laser absorption) the thin reaction surface is depicted by the sharp rise of the LIF signal when the laser sheet reaches it. The detectivity limit due to the background noise level of the imaging system is about 2% of oxygen mass fraction in the reaction zone. After this sharp rise at the reaction surface, the radial evolution of the fluorescence signal toward the burner axis results from a complex competition between |O 2 | increase, temperature decrease and laser irradiance decay due to cumulative absorption.
On each of the 500 registered images, the radial gradient of the fluorescence signal was locally measured at inflection along with the local angle of the contour with the burner axis. The azimuthal component of the gradient was approximated by the mean of its axial component at the same section. Figure 17 shows the derived map of the mean oxygen consumption rate of oxygen in the turbulent flow. Close to the injector the reaction rate exhibits a bimodal structure that could be due to instabilities. The axial growth of the cumulated oxygen consumption was then derived by spatial integration of the planar map of mean reaction rate and with assumption of mean axisymmetry. The results indicate that about 40% of the injected mass flow rate of oxygen is consumed over 50 mm before the flame reaches the walls of the burner.
Conclusions
Planar laser induced fluorescence pictures of a given species can be converted into concentrations maps provided that a suitable configuration is used to minimize laser absorption and fluorescence trapping biases and collisional quenching dependence. The accuracy of the diagnostic in term of absolute concentration data is dependent on the precision of the calibration procedure for the global imaging system, whereas uncertainties on the relative spatial distributions still depend on the validity of the assumptions and calculations for the collisional quenching behaviour.
Examples of imaging applications have been given for OH, CH, O 2 and temperature fields in turbulent reacting flows. These examples are far from constituting an exhaustive review; fluorescence of NO and other major pollutant species are missing. Emphasis has been put on the great potential of planar LIF diagnostic to investigate instantaneous conditional data (concentration and gradient, concentration and temperature, concentration and concentration, concentration and velocity fields,. . .). These correlated space resolved data are useful and allow relevant interpretations of an experiment with a deeper access to the interaction phenomena involved in turbulent reacting flows.
